Topological nodal line semimetals, hosting one-dimensional Fermi lines with symmetry protection, has become a hot topic in topological quantum matter. Due to the breaking of time reversal symmetry in magnetic system, nodal lines require protection by additional symmetries. Here, we report the discovery of antiferromagnetic type-I and type-II nodal lines coexist in the monolayer CrAs 2 based on a systematic first-principles calculation. Remarkably, the type-I nodal line in CrAs 2 form a concentric loop centered around the Γ point is filling-enforced by nonsymmorphic analogue symmetry and robust against spin-orbital proposed here may provide a platform for the correlation between magnetism and exotic topological phases.
INTRODUCTION
The discovery of Dirac cones in graphene [1] [2] [3] [4] [5] [6] [7] have inspired a continuous research of Dirac semimetals (DSMs) [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . The massless Dirac fermions in DSMs play the key role in diverse quantum phenomena, such as the novel quantum Hall effect 8, 9 , Klein tunneling 10 , and giant linear magnetoresistance 11 and so on. DSMs are characterized by the point nodes or nodal lines (NLs) where the conduction and valence bands cross in the Brillouin zone(BZ). The nodal line semimetals (NLSMs) present line band crossing with no dispersion along the NL direction and with linear dispersion in the perpendicular direction under certain crystalline symmetries [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . Depending on the degree of tilting, NLSMs can be classified into type-I and type-II 36, 37 . Previous studies on
NLSMs have focused on time reversal symmetry T invariant systems with and without spin-orbit coupling (SOC). Symmetry breaking may lead NLSMs into different exotic topological states such as topological insulators 26, 38, 39 and nodal point semimetals 40, 41 . Generally, the formation of magnetic order is accompanied with T symmetry breaking and sometimes followed by a decrease in crystalline symmetry. Therefore, it is challenging to find NLSMs in a magnetic materials.
Recently, a few theoretical and experimental works started exploring the nodal features in antiferromagnetic (AFM) systems 39, [42] [43] [44] [45] [46] [47] . The AFM phase of CuMnAs 39 was predicted as a threedimensional (3D) NLSM where the NLs are created by the band-inversion transition, and can be gapped in the presence of SOC. More recent theoretical works 46, 47 report a distinctive class of 3D NLSM in AFM systems: essential NLSM. The NLs are filling-enforced by the combination of Kramers theorem and nonsymmorphic analogue symmetryT = {T |t}, where t is a fraction of the lattice vector. Furthermore, unlike the NLs in band-inversion NLSMs, the NLs in essential NLSMs are robust against SOC due to their gaplessness. Based on the above, it is worth asking whether NLs can be obtained in two-dimensional AFM materials without T symmetry. To the best of our knowledge, the real two-dimensional (2D) AFM NLSMs have not been reported. Considering the great success in the field of graphene, it is expected that searching for 2D AFM NLSMs will most likely lead to the discovery of numerous noteworthy physical phenomena and novel topological states.
In this work, we performed electronic structure calculations and demonstrated that monolayer
CrAs 2 , an overlooked 2D material, hosts AFM type-I and type-II NLs in the absence of SOC. It is worth noting that the essential type-I NL is proposed in 2D AFM materials for the first time.
This NL is filling-enforced by nonsymmorphic analogue symmetryT and cannot be gapped even in the presence of SOC. The type-II NLs, formed by band-inversion between the d x 2 −y 2 ,xy and d xz,yz orbitals of the transition metal Cr, are protected by the mirror symmetry M z in the absence of SOC. Moreover, the topological nontriviality was verified by the flat edge states. In addition, the feasibility of exfoliation from CrAs 2 layered bulk phases was computationally predicted based on small cleavage energies. The phonon calculations and ab initio molecular dynamics simulations suggest that freestanding monolayer CrAs 2 is dynamically and thermally stable. The AFM monolayer CrAs 2 proposed here may provide a platform for the realization of relation between magnetism and exotic topological phases.
COMPUTATIONAL DETAILS
First-principles calculations were performed using the projected-augmented-wave (PAW) method 48 as implemented in the Vienna ab initio simulation package (VASP) 49, 50 . The exchangecorrelation energy was treated using Perdew-Burke-Ernzerhof (PBE) 51 generalized gradient approximation, and the optB88-vdW 52, 53 dispersion correction was applied to account for the longrange van der Waals interactions. A vacuum region of 15Å was set to avoid the interactions between the adjacent atomic layers and its period image could be neglected. A kinetic cutoff energy of 550 eV was used for the expansion of the wave-function and Monkhorst-Pack k meshes with a grid spacing of 2 π × 0.03Å −1 to ensure that the enthalpy converges to better than 1 × 10
eV per cell. The calculation of the phonon spectra was performed using the density functional perturbation theory [54] [55] [56] with VASP and PHONOPY codes 57, 58 . Moreover, ab initio molecular dynamics (AIMD) simulations with canonical ensemble using the Nosé heat bath scheme were performed to evaluate the thermal stability. To study the topological edge states, a first-principles tight-binding model Hamiltonian was constructed by projecting onto the Wannier orbitals [59] [60] [61] with the VASP2WANNIER90 interface 62 . The Cr d and As p orbitals were used to build the maximally localized Wannier functions, and then we calculated the edge states using the iterative Green's function method as implemented in the WannierTools package 63 .
RESULTS AND DISCUSSION
A. Structure, cleavage and stability
Monolayer CrAs 2 crystallizes in a 1H structure with a D 1 3h point group symmetry. Each monolayer consists of a hexagonal plane of Cr atoms sandwiched between two hexagonal planes of As atoms, as shown in Fig. 1(a) . The Cr atoms are trigonal prismatically coordinated and bonded by the six nearest-neighboring As atoms. This particular stacking does not preserve the space inversion symmetry P. However, with respect to the Cr atomic plane, the lattice is reflection-symmetric under the mirror operation M z . Considering that the transition metal atoms can induce magnetism in materials 64, 65 , the energies of three different configurations (nonmagnetic (NM), ferromagnetic (FM), and AFM) was compared to determine the preferred magnetic ground state of the monolayer
CrAs 2 , as presented in Figure S1 of the Supplemental Information. It's found that the optimized AFM state is the most energetically stable at the [001]-direction magnetization, the magnetic moment is 2.0 µB per Cr atom. AA stacking along the c axis. The quasi-2D nature of the bulk CrAs 2 enables the creation of a stable monolayer 1H-CrAs 2 by micromechanical cleavage and liquid exfoliation 67, 68 .
To estimate the feasibility of obtaining monolayers, the cleavage energies were calculated as a function of the separation between two fractured parts using the optB88-vdW functional, as shown in Fig. 1(b) . A large distance between two layers representing a fracture in the bulk, in- 71 and graphite (0.37 J/m 2 ) 73, 74 . Considering that the exfoliation of monolayers ReSe 2 and graphene in the experiments 72, 74 , the same is expected for CrAs 2 . Fur-thermore, the absence of any imaginary frequencies of phonon spectrum in the entire BZ confirms the dynamical stability of the monolayer, and we also performed AIMD simulations for the monolayer CrAs 2 at room temperature, as shown in Fig. 1(d) . The atomic configuration of the monolayer CrAs 2 including the trigonal prismatical CrAs 6 and honeycomb networks remain unchanged.
Clearly, the predicted low cleavage energy, dynamic and thermal stability of the monolayer suggest that the freestanding monolayer can be obtained experimentally even at room temperature. Having identified the magnetic ground state and having assessed the stability of the monolayer
CrAs 2 , then we investigated the detailed electronic properties. First, the spin-polarized electronic band structure of the monolayer in the absence of SOC is discussed. As Fig. 2(a) To further understand the Dirac features in the whole BZ, the 3D band dispersions for the monolayer CrAs 2 are depicted in Fig. 3 . The valence band maximum (VBM) and conduction band minimum (CBM) meet in the vicinity of the Fermi level with opposite slopes and show a closed type-I NL, as shown in Fig. 3(a) . The closed NL does not lie flat on the Fermi level but has 7 a finite dispersion in the region near the this level. Fig. 3(b) clearly shows a type-II NL around the P i (i = 2, 3) band crossings (the two bands are tilted in such a way that they share the same sign in their slope along one transverse direction). For further analysis of the distribution of NLs, the 3D band of the CBM in the reciprocal space is shown in Fig. 3(c) . An exotic electronic structure with type-I NLs (red lines) is observed, and these NLs form a continuous loop around the Γ points. In addition, open type-II NLs are located around K points, as depicted in purple along K-K ′ line.
The Dirac points mentioned in the 2D band (Fig. 2) , locating at the Type-I and type-II NLs, are
represented by the yellow and green dots in Fig. 3 . Furthermore, Fig. 3(d 
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Because the topological stable NLSM state have nontrivial edge states 76, 77 , we calculated the band spectrum of the (010) edge, as shown in Fig. 4 . According to the energy range of semimetal states, as shown in Fig. 2 , the correspondence between these edge and semimetal states are: e1 → L i , e3 → P i . The edge state e1 is split because of the inversion symmetry broken,and the double degeneracy is lifted for the edge bands of the type-I nodal loop, similar to Dirac NL materials 78, 79 .
Furthermore, after detailed analysis of the edge states with different symmetry, we found that e2
corresponds to a normal edge states derived from the symmetry broken of the ribbon edge.
C. The stability of the Dirac nodal lines
To elucidate the physical origin and symmetry related properties of the type-I and type-II NLs,
we analyzed the orbital composition of the states near the NLs, then artificially broke certain spatial symmetries to test the robustness of the NLs against SOC. To demonstrate whether the two NLs in the monolayer CrAs 2 are symmetry protected, we performed two tests to evaluate symmetry related properties of the NLs. First, we artificially shifted the positions of all the Cr atoms along the z-axis to break the mirror symmetry M z , while maintaining the nonsymmorphic analogue symmetryT = {T |((1/2), 0, 0)}, as shown in Fig. 5(d) . The corresponding electronic structure without SOC clearly shows that the NL2 is fully gapped (Fig. 5(e) ).
Contrastingly, the gapless NL1 could be observed even in the presence of SOC (Fig. 5(f) ). The evidence shows that type-II NL2 are symmetry protected by mirror symmetry in the absence of SOC.
In the second test, we artificially shifted the positions of the Cr1 and Cr4 atoms along the (-1, -1, 0) and (1, 1, 0) direction, respectively, to breakT while maintaining the M z symmetry, as shown in Fig. 5(h) . The band structure with SOC demonstrates that NL1 is fully gapped.
The values for the gap along Γ -K, K ′ -Γ and Γ -M are 18, 23 and 25 meV, respectively. The symmetry mechanism for essential NLs has been discussed extensively for AFM systems 46, 47 11
